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We study the sensitivity to sub-GeV dark sectors of high energy (≥ 100 GeV) proton fixed target
experiments such as the Main Injector and the future Long-Baseline Neutrino Facility (LBNF). We
focus on off-axis detectors since they have been shown to be the ideal location to reduce the neutrino
background. We consider MiniBooNE as an off-axis detector for the NuMI facility and a hypotetical
detector for LBNF located 200 m away from the target and 6.5 degrees off-axis. We find that with
the existing data, MiniBoone can explore new regions of the parameter space for leptophobic dark
forces in the 100 MeV- few GeV mass range. The dedicated MiniBooNE run in beam dump mode
would further improve the reach for even lighter masses. Therefore, MiniBooNE has the potential
to be one of the most sensitive probe of leptophobic dark forces for masses between 1 MeV-10 GeV.
a. Introduction The existence of dark matter
(DM) is one of the most solid pieces of evidence for
physics beyond the Standard Model (SM). We do not,
however, know DM properties or if it interacts with the
SM through other forces beyond gravity. Therefore, it is
essential to keep an open attitude towards its investiga-
tion both from an experimental and a theoretical point
of view. In the past decade a solid experimental pro-
gram for DM searches has been carried out on different
levels without finding any positive signal. In particular
direct detection experiments [1] investigated the GeV-
TeV scale setting impressive bounds on the quark-DM
coupling. Furthermore, the LHC is playing an impor-
tant role inspecting this region of the parameter space
through monojet searches [2–7]. Both high energy collid-
ers and direct detection experiments lose sensitivity for
sub-GeV DM mass. Therefore, the question of how to
look for light DM is a pressing one.
Low energy experiments can help close this experi-
mental loophole and a lot of effort has recently been
spent studying their sensitivity [8–25]. In particular,
neutrino fixed target experiments offer a way to probe
light DM/quark couplings [18–25]. These experiments,
aiming to investigate neutrino masses and oscillations,
consist of a high-intensity proton beam impinging on a
target and thus producing a large number of neutrinos
via leptonic meson decays. The produced neutrino beam
is then studied via its interaction with electrons and nu-
cleons both in a near detector, located near the target,
and in a far detector, located hundreds of km away. The
possibility of investigating light DM/quark interaction
via this class of experiments is particularly interesting
given the variety of present and future neutrino facili-
ties. The idea, first proposed in [18], goes as follows: if
we assume that the dark sector consist of a DM particle
and a light mediator which also interacts with quarks, a
dark matter beam is produced along the aforementioned
neutrino beam. As it happens for neutrinos, these dark
particles will enter the near detector and scatter with
the nucleons inside. This represents the positive and
at the same time the negative side of this proposal: on
one hand these experiments are accidentally designed to
look also for DM signals, but on the other hand neutri-
nos represent a large background. The challenge of this
program is then to suppress the neutrino background.
In order to circumvent this problem, it was proposed in
Ref. [21] to have a dedicated run in proton beam dump
mode for MiniBooNE detector, located at Fermilab 500m
away from the target striked by 8 GeV proton from the
Fermilab Booster, with the aim of suppressing the neu-
trino background and thus looking for light DM . This
run is now complete and limits for the quark/DM me-
diator masses in MeV-GeV range will soon be available
( see [26] for preliminary results). Higher energy proton
beam (E ∼ 100 GeV) experiments allow to probe heav-
ier mediator masses. In this regard, Ref. [25] studied
the projected sensitivity to few GeV mass mediators for
Fermilab based experiments facilities such as the ones at
the Fermilab Main Injector and the future Long-Baseline
Neutrino Facility (LBNF) [27]. This study pointed out
the necessity of having an off-axis detector in order to ef-
ficiently suppress the neutrino background produced by
high energy proton beams. In particular, an interest-
ing finding is that MiniBooNE is in a perfect location
as an off-axis detector for the NuMI beam. Therefore,
MiniBooNE could not only explore the light dark matter
region in the dedicated beam dump mode, but could also
explore the few GeV region (2 GeV-8 GeV) using existing
data from the Main Injector.
In this paper we investigate whether an off-axis detec-
tor could have sensitivity also to the sub-GeV region of
the mediator masses. In particular, we want to compare
the reach of MiniBooNE as the off axis detector for the
NuMI beam with the one achievable by the dedicated run
in beam dump mode. This means evaluating whether a
dedicated run for light DM is necessary or if the DM
program can run symbiotically to the neutrino program.
Furthermore, our study provides the necessary informa-
tion to assess and complete the physics case for possible
future off-axis detectors for LBNF/DUNE. The paper is
organized as follows: we first give a brief overview of the
existing constraints on our benchmark model, a lepto-
phobic Z ′, with a mass in the 100 MeV-2 GeV window,
which decays into DM particles and then we explain how
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an off-axis detector could probe this region of parameter
space. The production process considered for the Z ′ is
different from the one previously studied in the literature
and the key idea is to produce DM particles from an un-
collimated Z ′ beam. After explaining this crucial point
we proceed with showing the energy spectrum of DM ver-
sus the neutrino one and finally we show the sensitivity
plot, where we will compare our projection to the exist-
ing constraints and to the projection for the MiniBooNE
beam dump run.
b. Probing the quark/dark sector portal in the
MeV-GeV region As a benchmark model we con-
sider a sub-GeV dark matter particle, either a scalar
or a fermion, charged under a new abelian gauge group
U(1)B , that is:
Lχ = gz
2
Z ′µ ×
{
zχψχγµψχ,
izχ
[
(∂µφ
†
χ)φχ − φ†χ∂µφχ
]
,
(1)
where ψ is a Dirac fermion and φ is a complex scalar.
The distinction between scalar or fermion is marginally
relevant for our purpose, thus in the following we refer
to the DM particle with the symbol χ. We further as-
sume the quarks to be charged under U(1)B (the simplest
case is qB = 1/3), while the leptons are neutral under it.
Models where also the leptons are charged under the new
gauge group like B−L or models with kinetic mixing are
typically more constrained due to the easier detectabil-
ity of new degrees of freedom coupled with the electrons.
Therefore, our benchmark model is a lepto-phobic Z ′. In
this paper we are interested in exploring the MeV-GeV
range for an invisibly decaying Z ′. For this reason we
consider the hierarchy mχ < MZ′/2 and throughout the
paper we fix the DM charge zχ to be 3 in order to en-
force BR(Z ′ → χχ) ∼ 1. The present constraints on
an invisibly decaying leptophobic Z ′ in the 100 MeV- 2
GeV range are discussed in [22] and [24]. Kaon invisible
rare decays provide the strongest bound in the 100 MeV-
500 MeV range. For heavier Z ′ the Tevatron-monojet
searches [28] give a very mild bound constraining cou-
plings to be gz > 0.1. A slightly stronger constraint is
provided instead by J/Ψ invisible decay. If χ is stable
it provides a form of DM, see [24] for the discussion of
cosmological bounds and relic density computation. It is
worth mentioning that recently one of the direct detec-
tion experiments, CDMS lite [29], extended its analysis in
the light DM region setting bounds for mχ > 500 MeV.
This bound is an impressive achievement, but depends
crucially on the assumption that χ is the dominant dark
matter particle, while the laboratory bounds have the ad-
vantage to probe a larger region of the parameter space
where χ could be either a subdominant form of DM or an
unstable particle decaying into lighter members of an ex-
tended dark sector. Other strong bounds could arise from
collider limits on additional fermions necessary to cancel
the gauge anomalies of the U(1)B group (see [30]). In
our sensitivity plot, which we discuss in the next section,
we do not present these bounds since they are somewhat
model dependent.
Therefore, we see that there is an ample region of the
parameter space where order one couplings are still al-
lowed. In the present paper we want to explore whether
MiniBooNE can explore it via the analysis of the existing
data of neutrinos coming from the NuMI beam.
In Ref.[25] high energy proton beams facilities, such as
LBNF and the NuMI experiments, were studied investi-
gating the 2 GeV-8 GeV Z ′ mass range. It was shown
that an off-axis location of the detectors efficiently sup-
presses the background and hence sets competitive limits
on Z ′ masses in the few GeV range. This leads to the
proposal of an off-axis location for a light dark matter
detector and to identify the MiniBooNE’s location as the
ideal location to probe light dark matter with proton
beams produced by the Fermilab Main Injector. NOvA
and MINOS, instead, were shown to suffer too much from
the large neutrino background due to their on-axis posi-
tion.
c. Detecting sub-GeV Z ′ via off-axis detectors
In the present paper we want to estimate the sensitivity
of off-axis detectors to sub-GeV mediator masses. With
this purpose, let us first summarize the key points of Ref.
[25]. In high energy proton beam experiments, like the
one investigated, both the main neutrino and DM signal
consist of neutral-current deep inelastic scattering (DIS)
events, since the energy of these particles is typically a
few GeV or higher. The challenge is finding a difference
between the DM and the neutrino events. DM particles
are produced by the decay of a Z ′ mediator with mass in
the 2 GeV-8 GeV range produced via pp→ Z ′, while neu-
trinos are produced via mesons (pion and kaon) decays.
The mass difference of the parent particles is important
since the energy of the emitted particle goes like:
Eχ,ν =
M2Z′,pi,K
2EZ′,pi,K(1− β cos θ) . (2)
where θ is the angle between the Z ′ and the χ direc-
tion, which for the production channel pp → Z ′ corre-
sponds to the beam direction. Therefore, DM particles
are more energetic than neutrinos. The quantitive study
of signal and background carried in [25] shows that this
difference helps in sufficiently suppressing the number of
neutrino DIS events only if the detector is placed at a
large angle from the target. Therefore, the location of
MiniBooNE ((θ ∼ 6.5◦ and 700 m away) with respect to
the NuMI target is close to the ideal location, estimated
to be 200 m away from the target and 6.5◦ off axis. For
sub-GeV mediators this mass difference does not exist
anymore and thus we expect the DM energy profile to be
more similar to the neutrino one. Therefore, one could
conclude that what suppresses the neutrino background
would also suppress the signal, discarding the possibility
of using off-axis detectors to constraint sub GeV medi-
ators. However, this is true only if DM particles are
produced via the decay of a Z ′ emitted parallel to the
beam line. Hence, in order to put to good use an off-axis
detector to probe sub GeV Z ′, it is necessary to consider
2
Z ′ emitted off-axis with respect to the beam line. In this
way the DM particles, reaching the MiniBooNE detector,
are emitted at a smaller angle in respect to the Z ′ direc-
tion and therefore they are more energetic, as is clearly
shown by Eq. 2. An uncollimated Z ′ beam is emitted
either from uncollimated neutral mesons decays or via
direct production of the Z ′ together with a high pT jet,
that is via:
p+ p→ Z ′ + j with pjT > 1GeV (3)
where the cut pjT > 1 GeV guarantees the consistency of
our calculation within perturbative QCD (pQCD). We
will consider only this contribution, though it would also
be interesting to evaluate the one coming from meson
decays. We then simulate the process pp → Z ′ + j with
Z → χχ using Madgraph [31]. For gz = 0.1 and NPOT =
6× 1020 the number of Z ′ produced is of order 1014.
Having established the production mechanism, the fol-
lowing step is studying the energy profile inside the de-
tector of the DM particles emitted by the uncollimated
Z ′ beam. We consider the location for the MiniBooNE
detector ( 6.5◦off-axis and 750 m away from the target),
but our conclusion does not change for the proposed dark
matter LBNF ideal detector located 200 m away from the
target and 6.5 off-axis. We choose as a benchmark a Z ′
with mass mZ′ = 700 MeV and a scalar dark matter
particle with mass 10 MeV. However, the mass of the
DM particle does not play a relevant role so long as it
is light enough, nor its spin. The energy profile for DM
in this benchmark point is presented in Fig. 1 together
with the energy distribution for the neutrinos. We notice
that the DM particles entering MiniBooNE are energetic
enough to give rise to deep inelastic scattering events.
Furthermore, they are significantly more energetic than
neutrinos since the Z ′ beam is less collimated than the
meson beam due to the focusing horns. Therefore, in or-
der to reach the off-axis detector neutrinos need to pay
the price of the large angle suppression of their energy,
while DM particles are emitted at a smaller angle with
respect to the off-axis direction of the Z ′. Having deter-
mined the energy profile of the DM beam we compute the
total number of neutral current deep inelastic scattering
inside MiniBooNE. The cross section for DM interacting
with nucleons is much larger than the neutrino one since
it is mediated by a lighter boson; for sub-GeV Z ′ and or-
der one coupling gz ∼ 0.1 it is 1000 times bigger. We find
that the number of events is an order of magnitude big-
ger than the number for heavier mediators, MZ′ > 2GeV,
due to the larger scattering cross section for the lighter
mediators, which is an order of magnitude bigger than
the one for few GeV Z ′. This difference is however tem-
pered by the softer energy spectrum for the lighter Z ′
case. Therefore, we do not expect a much stronger bound
on the one obtained for heavier mediators.
d. Expected sensitivity Fig. 2 presents the ex-
pected sensitivity in the (αB ,MZ′) plane (where αB =
g2z/(4pi)) for the MiniBooNE detector computed estimat-
ing the number of the neutrino background events com-
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FIG. 1. Energy profile of a dark matter particle, either a
complex scalar φ or a Dirac fermion ψ, inside MiniBooNE
detector located 750 m away from the target and 6.5◦ off-axis
for a benchmark point mZ′ = 700 MeV and mχ = 10 MeV
for a proton beam of 120 GeV.
ing from the Main Injector as described in [25]. We
do not present the projection for the LBNF ideal de-
tector, which will be only slightly stronger due to the
smaller distance from the target. As already noticed, our
bound is independent from the χ spin and mass as long
as mχ < MZ′/2. We compare our projections both with
the existing bounds discussed in the previous section and
with the projected sensitivity of the MiniBooNE run in
beam dump mode. Fig. 2 shows that MiniBooNE ana-
lyzing the existing events coming from the Main Injector
proton beam can already set the strongest bounds for
masses in a large region of the 500 MeV-2 GeV parame-
ter space. Therefore, combining this result with the one
of [25] MiniBooNE can set the strongest limits available
on a leptophobic Z ′ decaying into invisible particles in
the region 500 MeV- 8 GeV. However, based on the pre-
liminary results presented in [26], the beam dump mode
could obtain an even better sensitivity in most of the
region below 2 GeV.
Let us explain the difference between our proposal and
the one of Ref. [21]. Our background consists of order
1000 deep inelastic neutrino events, while for the beam
dump run of [21] (which uses the Booster beam line as
the proton source, so an 8 GeV beam) the estimation is
at most order of 100 neutron-neutrino elastic scattering
events. It might also be that in our case a dedicated ex-
perimental analysis could further reduce our background.
However, this would require different techniques than the
one applied in the beam dump run since the difference
in time of flight does not hold anymore for relativistic
neutrinos and dark matter particles. Furthermore, the
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FIG. 2. Expected sensitivity (at 90%C.L., 2 d.o.f.) for a
fermionic dark matter particle which interacts with quarks via
a leptophobic Z′ in the mass/coupling plane(αB ,MZ′), where
αB = g
2
z/(4pi). The solid red line shows the sensitivity for a
detector placed at the MiniBooNE/MicroBooNE site. The
gray areas are ruled out ( by Kaon and J/Ψ invisible decay
searches), while the purple contour represents the projected
sensitivity for the MiniBooNE beam dump run [21, 26]
beam dump running by itself helps in lowering the back-
ground. This disadvantage is partially compensated by
the fact that we have higher luminosity since our proposal
is symbiotic to the neutrino program. Finally, an impor-
tant difference is played by the production mode. In our
case we consider direct production of Z ′ via pQCD pro-
cesses, while in [21] the Z ′ are produced via rare meson
decays.
e. Conclusions Several fixed target experiments
such as LBNF and SHIP will be running in the com-
ing years and many other experiments are currently in
full action. It is therefore important to try to find ways
to use the potential of these experimental devices. In the
present paper we investigated the sensitivity to sub-GeV
dark/visible sector mediators of MiniBooNE as off-axis
detectors for the NuMI beam finding that:
• Combining our result together with the finding of
Ref.[25] we conclude that MiniBooNE is the most
sensitive probe of the 500 MeV-8 GeV region for a
leptophobic Z ′ which decays invisibly. This will be
possible already using existing data and does not
require an additional run. This is symbiotic to the
neutrino program.
• In a large part of the sub GeV region our limits
are almost comparable, but somewhat weaker than
the projected limits for the dedicated run in beam
dump mode. For lighter mediators mass this ad-
ditional run provides limits significantly stronger
than our sensitivity. Therefore, our analysis is com-
plementary to [21] and performing it would allow
MiniBooNE to set the strongest available bounds
on dark leptophobic forces in most of the 1 MeV-
10 GeV region.
• Our analysis offers interesting and general perspec-
tives for high energy proton fixed target experi-
ments. It would be interesting to do a similar study
for SHIP since a new background analysis would be
necessary, but this we postpone to a later publica-
tion.
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